Gentamicin (GNT)-induced nephrotoxicity culminates into renal failure with a possible cardiovascular impact. Garlic extract (GE) is a cardiovascular protectant with limited mechanistic data. Therefore, we assessed the disturbance in specific cardiac parameters and the potential protective effect of GE supplementation against them in a rat model of GNT-induced chronic renal failure (CRF). Adult male rats (n = 24) were randomly assigned into four groups (n = 6 each): normal controls (CON), garlic extract controls (GE; 250 mg kg , i.p.), and GNT + GE (GNT and GE in the same previous doses) groups. GNT and GE were given daily for 3 weeks. Animals co-treated with GNT and GE exhibited improved renal functions, body weight (BW), and heart weight (HW)/BW ratio; declined blood pressure; lowered plasma levels of lactate dehydrogenase (LDH), creatine kinase-MB (CK-MB), and total peroxides (TP); and elevated total antioxidant capacity (TAC) levels. Moreover, the heart tissue contained raised levels of TAC and Na 
Introduction
The efficacy and low cost of aminoglycosides including gentamicin (GNT) credited their clinical value against lifethreatening gram-negative bacterial infections (Teslariu et al. 2016) . However, the associating nephrotoxicity limited their uses (Ali 2003) . GNT-induced nephrotoxicity ends into renal failure through inducing reactive oxygen species (ROS) and pro-inflammatory and pro-apoptotic mediators (Hegazy et al. 2016) . The induced acute renal damage may progress to chronic renal failure (CRF) in survivors (Venkatachalam et al. 2010 ).
Patients with CRF have an increased risk of cardiovascular diseases (CVD) (Couser and Riella 2011) such as cardiac fibrosis, hypertrophy, and dysfunction, i.e., uremic cardiomyopathy (Drummond et al. 2016 ) with a higher risk of cardiovascular mortality (10 to 20-fold) than controls without kidney disease (Foley et al. 1998) . Although the mechanistic pathways employed in CRF impact on cardiac functions are not fully understood, hypertension, oxidative stress, and volume overload are considered common contributors (Garcia-Trejo et al. 2016; Nakano et al. 2016) . The sodium/potassium-adenosine-triphosphatase (Na + /K + -ATPase) plays a key role in myocardial contractility through regulating the concentration of ions inside and outside cells. Therefore, the activity of Na + /K + -ATPase is a principal biomarker for cardiac diseases and essential for studying treatment and prevention modalities (Obradovic et al. 2017) .
Garlic (Allium sativum) is a well-known herb with both nutritional and medicinal beneficial use since ancient times with diverse biological activities, namely cardioprotective, anti-atherosclerotic, antihypertensive, and immunomodulatory activities (Alali et al. 2016; Bradley et al. 2016; Kaur et al. 2016) . However, the exact mechanistic pathways involved in the cardioprotective effect of GE in experimental GNTinduced renal failure rat model are still not clear. Therefore, this experimental study had been undertaken to assess the changes in systemic and local cardiac parameters in GNTinduced CRF model, i.e., cardiac injury markers, oxidative stress, Na + /K + -ATPase activity, and calcium (Ca 2+ ) levels. Additionally, the possible cardioprotective effect of GE supplementation as an amelioration of these parameters was investigated as mechanistic approaches.
Methods

Preparation of garlic extract
Locally available garlic cloves were bought, peeled and cut into small pieces. Fifty grams of garlic were homogenized in 75 mL of sterile 0.9% saline. The homogenized mixture was filtered three times and centrifuged at 2000g for 10 min. The clear supernatant was recovered and completed to 100 mL with normal saline. On the basis of the weight of starting material, the concentration of this garlic extract (GE) preparation is 500 mg mL −1 (Nwokocha et al. 2011 ).
Experimental animal design
Adult male Wistar albino rats (n = 24; 150-165 g in weight) were purchased from the Animal House of Assiut University. Experiments were done in the animal house of the Faculty of Medicine, Assiut University, Assiut, Egypt. Animals were housed at room temperature in polypropylene cages and were exposed to a natural 12 h light/dark cycle. They were supplemented with commercial pellet diet and water ad libitum. The Ethics Committee of Assiut University approved the experimental protocol (No: IRB00008718), which proceeded in accordance with the Guide for the Care and Use of Laboratory Animals (Guide for the Care and Use of Laboratory Animals. 2011). After 1 week of acclimatization, rats were randomized into four groups (n = 6 rats each). Normal control group (CON) received 0.9% saline intraperitoneally (i.p.) daily for 3 weeks. Garlic extract group (GE) administered GE at a dose of 250 mg kg −1 BW by oral gavage daily for 3 weeks (Deniz et al. 2011) . Gentamicin group (GNT) received GNT (80 mg ampoules, Memphis Pharm. & Chemical Ind., Cairo, Egypt) at a dose of 100 mg kg −1 i.p.
daily for 3 weeks to induce significant nephrotoxicity and destructive renal injury (El-Kashef et al. 2015; Stojiljkovic et al. 2008) . Animals of the GNT + GE group were cotreated with both GNT and GE as described above daily for a similar duration. Tail-cuff blood pressure was measured with a pressure meter (LE-5001, Panlab/Harvard apparatus, Tokyo, Japan) before the start of the experiment and at its end between 10:00 AM and 2:00 PM after habituation of the animals to the testing procedure. Three consecutive measurements for each of systolic (SBP) and diastolic (DBP) blood pressures were recorded every time for each rat and the average was used for statistical analysis.
At the end of the experiment, animals were reweighed to determine the final body weight (BW) and fasting venous blood samples were collected from the retro-orbital vein by an experienced laboratory technician. After prevention of clotting, blood samples were centrifuged at 3000g for 15 min and plasma were recovered and kept at − 20°C until use. Following blood withdrawal, rats were sacrificed via cervical dislocation and the heart was removed and weighed. Heart weight (HW)/BW ratio was calculated as the percentage ratio of HW to the final BW. Part of the ventricle was quickly frozen in liquid nitrogen and stored at − 80°C for preparing homogenate (tissue was homogenized in ice-cold phosphate buffer solution to 10% and the homogenates were centrifuged at 5000g for 15 min at 4°C) for biochemical evaluation.
Measurement of plasma/tissue biomarkers
Measurement of plasma creatinine and blood urea nitrogen
To assess renal dysfunction, levels of creatinine and blood urea nitrogen (BUN) were measured colorimetrically using commercial kits (Spectrum Diagnostics, Obour City, Egypt) following the manufacturer's instructions.
Measurement of plasma lactate dehydrogenase and creatine kinase-isoenzyme activities
Levels of the activity of plasma lactate dehydrogenase (LDH) and creatine kinase-isoenzyme (CK-MB) as cardiac biomarkers were assessed by commercially standard assay kits (Biosystems S.A., Costa Brava 30, Barcelona, Spain) according to the manufacturer's instructions.
Measurement of plasma and cardiac total antioxidant capacity and total peroxides
Both total antioxidant capacity (TAC) and total peroxides (TP) were determined in plasma and cardiac tissue homogenate. TAC was determined colorimetrically by commercially available kit (Bio-Diagnostics, Cairo, Egypt) based on Koracevic et al. (Koracevic et al. 2001) . TP concentration was measured colorimetrically according to Harma et al. (Harma and Erel 2005) . For normalization, total protein in cardiac homogenate was estimated using Biuret reagent (Gornall et al. 1949 ). .
Measurement of Ca 2 levels in the cardiac tissue homogenate
Cardiac tissue homogenate was digested with concentrated nitric acid (Sigma-Aldrich) and dried at 40°C for 30 min. The dried digest was diluted with distilled water. Calcium content of the solution was measured using inductively coupled emission spectrometer, and the results were presented as milligrams per liter.
Statistical analysis
All values were presented as mean values ± SD. One-way analysis of variance (ANOVA) for multiple comparisons, followed by Tukey's post hoc test was performed for data analysis using SPSS version 16 (SPSS Inc., Chicago, USA). P value less than 0.05 denoted the existence of a statistically significant difference.
Results
Influence of GNT and GE on the final BW and HW/BW ratio CON group showed insignificant differences in the final BW and HW/BW ratio when compared with GE group. GNT injection decreased the final BW and increased the HW/BW ratio significantly in comparison with each of CON (P < 0.05 and 0.001, respectively) and GE (P < 0.01 and 0.001, respectively) rats. In the GE and GNT co-treated rats, the HW/BW ratio was less than that of the GNT-treated rats (P < 0.05 and 0.01, respectively). Moreover, GNT + GE group showed no significant differences in the final BW and HW/BW ratio in comparison with each of CON and GE groups ( Table 1) .
Influence of GNT and GE on SBP and DBP
Before the start of the experiment, animals in all groups had no significant differences in both initial SBP and DBP. Both CON and GE groups remained with a blood pressure within normal range with insignificant differences in the final SBP and DBP between them. In contrast, GNT-injected rats showed a significant increase in both final SBP and DBP compared with CON (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups. In the GNT and GE co-treated rats, the final SBP and DBP were less when compared with GNT group (P < 0.001 and 0.01, respectively) but also increased compared to the initial SBP and DBP (P < 0.001 and 0.05, respectively) ( Table 1) .
Influence of GNT and GE on plasma creatinine and BUN
Insignificant differences in the levels of plasma creatinine and BUN were detected between CON and GE groups. GNT injection resulted in severe renal impairment manifested as markedly higher levels of creatinine and BUN vs. each of CON (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups. GNT + GE co-treated rats showed significant amelioration of creatinine and BUN induced by GNT (P < 0.001 and 0.001, respectively). However, still the levels of creatinine and BUN in GNT + GE group were significantly higher than each of CON (P < 0.05 and 0.01, respectively) and GE (P < 0.05 and 0.01, respectively) groups (Table 2) .
Influence of GNT and GE on plasma LDH and CK-MB activities
There was an absence of significant differences in plasma activities of LDH and CK-MB in CON group vs. GEsupplemented rats. GNT injection significantly raised their activities compared with each of CON (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups. On the contrary, a cardiovascular beneficial effect was observed in GNT + GE rats as manifested by a significantly lower activities of plasma LDH and CK-MB in comparison with GNT group (P < 0.001 and 0.001, respectively). Although the activities were lower in GNT + GE group, their levels were still higher than CON (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups (Table 2) .
Influence of GNT and GE on plasma TAC and TP
No significant differences were demonstrated in plasma TAC and TP in CON group in comparison with GE group. However, GNT group showed a marked oxidative stress as it significantly decreased TAC and increased TP vs. each of CON (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups. This oxidative activity was markedly corrected in GNT + GE rats with significantly higher TAC and lower TP in comparison with GNT rats (P < 0.001). However, significantly lower plasma TAC and higher TP were still present in the GNT + GE group vs. each of CON rats (P < 0.001 and 0.001, respectively) and GE (P < 0.001 and 0.001, respectively) groups (Table 2) .
Influence of GNT and GE on the cardiac tissue levels of TAC and TP
The cardiac homogenate contents of both TAC and TP in CON group vs. GE group were insignificantly different. GNT intoxication resulted in significantly lower TAC levels and higher TP levels vs. those in each of CON (P < 0.01 and 0.001, respectively) and GE (P < 0.01 and 0.001, respectively) groups. GNT + GE rats showed normalized levels of each of TAC and TP compared with GNT rats (P < 0.01 and 0.001, respectively) as there were no significant differences with each of CON and GE groups (Fig. 1a, b) .
Influence of GNT and GE on the cardiac tissue Na -ATPase activity were observed between CON and GE rats. Na + /K + -ATPase activity was significantly less in GNT rats in comparison with that of CON rats (P < 0.001) and GE rats (P < 0.01) groups. Meanwhile, GNT + GE rats showed a significantly higher Na + /K + -ATPase activity vs. GNT rats (P < 0.01). Furthermore, Na + /K + -ATPase activity in GNT + GE was insignificantly different from each of CON and GE groups (Fig. 2) .
Influence of GNT and GE on the cardiac tissue levels of Ca
2+
CON group showed insignificant differences in the cardiac tissue Ca 2+ vs. GE group. Ca 2+ levels were significantly higher in GNT rats when compared with each of the CON rats (P < 0.001) and GE rats (P < 0.001). GNT + GE group showed significantly lower cardiac levels of Ca 2+ than GNT group (P < 0.001). The cardiac levels of Ca 2+ in GNT + GE rats were insignificantly different from each of CON and GE groups (Fig. 3) .
Discussion
This study demonstrated that along with induction of CRF, the rat model showed also other systemic deleterious effects including cardiovascular disease. Supplementation with GE not only reduced GNT impact on kidney functions but also was cardioprotective. This cardioprotective effect was instigated through amelioration of oxidative stress and restoring the activity of Na + /K + -ATPase and Ca 2+ levels in the heart of those animals to normal values. On the other hand, our study revealed no significant differences in the cardiac parameters between normal controls and GE controls.
Gentamicin is selectively taken by the cells lining proximal convoluted tubules to a toxic threshold that induces oxidative stress which triggers lysosomal, mitochondrial, and cell membrane damage. Subsequent cellular death and sloughing of the lining cells occurs leading to loss of reabsorptive function and tubular obstruction, decreased glomerular filtration rate (GFR), and renal failure (Cojocel et al. 1983; Hegazy et al. 2016) . This experiment showed that animals receiving GNT had markedly increased levels of plasma creatinine and BUN as a result of the reduced GFR (Hegazy et al. 2016; Hur et al. 2013 ). This nephrotoxic effect of GNT was confirmed in earlier studies (El-Kashef et al. 2015; Teslariu et al. 2016) .
Systemic manifestations of renal injury induced by GNT were also observed in this study in the form of reduced final BW, increased SBP and DBP, decreased plasma levels of TAC, and increased TP levels. The observed decline in BW could be ascribed to the uremia-induced anorexia and subsequent cachexia (Cheung et al. 2005) . GNT decreased renal blood flow and stimulated the release of renin via activation of the renin-angiotensin system with a subsequent rise in the blood pressure (Suliska and Sukandar 2014) . Moreover, the oxidative ability of GNT observed in rats could also be incriminated in the induction of hypertension. In line with results of this study, patients with CRF experience oxidative stress with raised oxidant activity and depleted antioxidant capacity that increased the risk of cardiovascular complications in those patients (Siems et al. 2002) .
In contrast, rats co-treated with both GE and GNT in this study exhibited lower levels of creatinine and BUN reflecting recovered glomerular filtration. Moreover, they showed higher final BW and lower both SBP and DBP than the GNT group. The ability of GE to counteract GNT-induced nephrotoxicity was previously reported (El-Kashef et al. 2015; Seckiner et al. 2014 ). The most important factor which could explain this protective effect of GE is its antioxidant activity (Seckiner et al. 2014) . Garlic is composed of organosulfur compounds such as diallyl trisulfide that Fig. 1 a Levels of total antioxidant capacity (TAC). b Levels of total peroxides (TP) in the cardiac tissue homogenate of the studied groups. Data are presented as mean ± SD (n = 6 rats in each group).
a Significantly different vs. normal control (CON) group (P < 0.05). b Significantly different vs. garlic extract (GE) group (P < 0.05).
c Significantly different vs. gentamicin (GNT) group (P < 0.05) Fig. 2 Levels of Na + /K + -ATPase activity in the cardiac tissue homogenate of the studied groups. Data are presented as mean ± SD (n = 6 rats in each group).
a Significantly different vs. normal control (CON) group (P < 0.05).
b Significantly different vs. garlic extract (GE) group (P < 0.05).
c Significantly different vs. gentamicin (GNT) group (P < 0.05) Significantly different vs. gentamicin (GNT) group (P < 0.05) produces hydrogen sulfide (H 2 S) which enhances the expression of the antioxidant nuclear factor E2-related factor-2 (Nrf-2) with subsequent increased its downstream antioxidant enzymes (Tsai et al. 2015) . Nrf2 is an intracellular transcription factor degraded in the cytoplasm by interaction with Keap1 protein. However, the presence of increased amount of ROS activates tyrosine kinases that dissociate Nrf2: Keap1 complex with nuclear translocation of Nrf2 and subsequent binding to the antioxidant responsive element (ARE) found in the promoter region of multiple genes that encode the antioxidant enzymes (Nguyen et al. 2009; Sajadimajd and Khazaei 2017) . H 2 S also is an established vasodilator that counteracts hypertension (Greaney et al. 2017) . H 2 S also blocks the reninangiotensin system (Mohamadi et al. 2000) . Since ROS have been incriminated in mediating hypertension (Deniz et al. 2011) , the antioxidant effect of GE can explain the decreased BP noticed in the current study. Further, Park et al. (2016) stated that fermented GE reduces blood pressure as it contains nitrite which acts as an anti-hypertensive molecule and this effect is mediated through soluble guanylyl cyclase (sGC)-cyclic guanosine monophosphate (cGMP)-protein kinase (PKB) pathway in spontaneously hypertensive rats. Previously, GE reduced BP in a model of CRF induced by surgical reduction in the renal mass (Deniz et al. 2011) . However, the anti-hypertensive effect of GE is controversial since garlic did not change the BP of patients with primary hypertension (Duda et al. 2008 ). This controversy may result from the differences in garlic preparations, dosage, duration, and species used in studies (Park et al. 2016) .
The current study revealed that GNT-induced renal injury affected the heart of rats, reflected as increased HW/BW ratio, and elevated plasma levels of cardiac injury enzymes, namely, CK-MB and LDH. Additionally, the cardiac tissue revealed markedly elevated oxidative stress, suppressed activity of Na + /K + -ATPase, and increased levels of Ca
2+
. Co-treatment of animals with GNT and GE ameliorated such changes. HW/ BW ratio is a marker of cardiac hypertrophy (Khatua et al. 2017) . Cardiac hypertrophy is a consequence of increased BP and oxidative stress induced by CRF. It occurs initially as a compensatory response but inevitably cardiac hypertrophy will progress to dilation and heart failure (Garcia-Trejo et al. 2016) . Furthermore, hypertension could induce overexpression of collagen fibrils with the development of cardiac fibrosis, hypertrophy, and myocyte damage (D'Elia et al. 2016) . Being antioxidant and antihypertensive as shown in the present study, GE treatment normalized HW/BW ratio and prevented the development of cardiac hypertrophy. The ability of GE to prevent cardiac hypertrophy was in accordance with a previous study in hypercholesterol-fed hamster (Hsieh et al. 2014) .
LDH is a marker of tissue damage and CK-MB is a myocardium-specific marker. Their altered plasma activities are important markers that reflect the damage and leakage of myocardium (Bassenge et al. 2000; Khalil et al. 2015) . Findings in this study came in line with other studies (El-Kashef et al. 2015; Galaly et al. 2014) . However, simultaneous treatment with GE in animals receiving GNT resulted in less LDH and CK-MB activities than that of GNT group, reflecting a cytoprotective effect for GE potentially as antioxidant. Reportedly, GE was able to achieve the same effect in isoproterenol-induced myocardial toxicity in rats (Avula et al. 2014) . Na + /K + -ATPase is an enzyme which plays a key role in the contraction of the heart. It is inhibited during ischemia, depletion of energy stores, and oxidative stress-induced by lipid peroxidation (Sehirli et al. 2008) . Hence, increased cardiac oxidative stress in the present study could have caused the suppressed activity of Na + /K + -ATPase in GNT group. Prolonged inhibition of this enzyme could explain the observed increased HW/BW ratio in results of the current study as previously reported (Khatua et al. 2017) . Decreased levels of Na + /K + -ATPase in the heart result in progressive accumulation of intracellular Na + ion which indirectly stimulates the intracellular accumulation Ca 2+ via Na + /Ca 2+ exchanger (Shattock et al. 2015) . Reduced levels of Na + /K + -ATPase with altered Na + and Ca 2+ ionic homeostasis can stimulate proteases and phospholipases including those which initiate apoptosis, myocardial damage, and failure (Agrawal et al. 2016; Khatua et al. 2017) . Hence, controlling of Na + /K + -ATPase activity is essential for prevention of cardiac diseases (Obradovic et al. 2017) . Interestingly, GE treatment in this study restored Na + /K + -ATPase activity and Ca 2+ levels towards normal values possibly by protecting the membrane structures via its antioxidant activity and/or control of its gene activity. Ca 2+ accumulation was reported as one of the mechanisms inducing cardiac hypertrophy in a myocardial infarction model (Garg and Khanna 2014) . Therefore, the present ability of GE to prevent Ca 2+ overload could be one of the causes of the lower HW/BW ratio observed in GE and GNT co-treated animals than that of the GNT-treated animals in this study. These findings were in line with a previous study demonstrating the effect of garlic on isoproterenol-induced cardiac hypertrophy (Khatua et al. 2017) .
Conclusion
Based on the above findings, it can be concluded that GE successfully mitigated the deleterious effects of GNT-induced CRF on cardiac functions via reducing blood pressure and cardiac hypertrophy, enhancing the cardiac antioxidant defense system, and controlling the cardiac Na . This provides strong justification for the cardioprotective potential of GE in CRF, albeit requiring additional gene expression investigations.
